Silicon carbide ͑SiC͒ thin films were prepared on Si͑100͒ substrates by high vacuum metalorganic chemical vapor deposition using a single-source precursor at various growth temperatures in the range of 700-1000°C. The precursor is diethylmethylsilane, and is used without carrier gas. The effects of substrate temperature as well as deposition time on the crystal growth were investigated. The optimum temperature for the formation of high quality polycrystalline SiC thin films was found to be 900°C on the basis of x-ray diffraction and transmission electron diffraction results. X-ray photoemission spectroscopy shows that SiC films grown at 900°C have slightly carbon-rich compositions ͑Si:Cϭ1:1.2͒ in the surface region, but stoichiometric composition in the bulk. Scanning and transmission electron microscope images show the influence of substrate temperature on the grain size and crystallinity of the films. Large grain sizes and high quality crystallinity can be obtained below 900°C.
I. INTRODUCTION
Single crystalline silicon carbide ͑SiC͒ films have many superior properties, such as high thermal conductivity ͑4.9 W/cm K͒, 1 relatively high electron mobility ͑1000 cm 2 /V s͒, 2 high breakdown electric fields (4.0ϫ10 6 V/cm), 3 a wide bandgap ͑2.2-3.3 eV͒, 4 and good physical and chemical stability. SiC has attracted much interest for use in electronic and optoelectronic devices, and in circuits designed to operate at high power, high frequency, high temperature, and high radiation environments.
Conventional silicon carbide chemical vapor deposition ͑CVD͒ processes generally utilized multiple precursors such as silane and hydrocarbons, and required a carbonization process as well as elevated substrate temperatures in excess of 1000°C. High growth temperatures sometimes result in high tensile stress and lattice defects in SiC films deposited on Si, because of the differences in lattice constants and thermal expansion coefficients between SiC and Si. 5 Therefore, low temperature alternatives to the conventional SiC CVD methods must be considered. To do this, a relatively simple CVD method utilizing a single precursor that contains Si and C atoms in the same molecule is highly desirable for growing high quality SiC films at temperatures below 1000°C without a carbonization process. 6 Since the single molecular precursor already has an Si-C bond in the precursor itself, it does not need a further activation energy to make a Si-C bond in the film, resulting in epitaxial temperatures below 1000°C. Many research groups have thus performed SiC growth on either uncarbonized silicon or carbonized silicon substrates using single precursors, such as tetramethylsilane ͓Si͑CH 3 11 etc. We recently grew epitaxial 3C-SiC thin films on silicon substrates below 1000°C using single-source precursors without a carbonization process. 12, 13 Here, we continue this work, using the single-source precursor diethylmethylsilane ͓(C 2 H 5 ) 2 (CH 3 )SiH͔ at relatively low deposition temperature in the range of 700-1000°C by a high vacuum metalorganic CVD ͑MOCVD͒ system.
II. EXPERIMENT
Crystalline SiC thin films were grown in a homemade high vacuum MOCVD system ͑Fig. 1͒. The substrate used in this work was Si͑100͒, cut into rectangular pieces 20ϫ10 mm 2 . Prior to growth, the substrate surfaces were degreased in an ultrasonic cleaner containing acetone for 5 min, alcohol for 5 min, dipped in 5 wt % HF solution for 1 min, rinsed in deionized water, and flushed in pure nitrogen flow. Substrates were resistively heated by a dc power supply, and their temperatures measured using an optical pyrometer. Si͑100͒ clean surface was prepared by prebaking at 600°C and flashing at 1200°C several times in the reactor at pressures below 1.0ϫ10 Ϫ7 Torr. This method for preparing clean Si͑100͒ surfaces has already been published. 14 Diethylmethylsilane ͓DEMS, (C 2 H 5 ) 2 (CH 3 )SiH], a liquid at room temperature with a boiling point of 78°C, was employed as a single molecular precursor without bubbler and carrier gas for growth of SiC films. It was transferred into a precursor bottle attached to a chamber and further purified by freeze-pump-thaw cycles using liquid nitrogen. SiC thin films were deposited directly on clean Si͑100͒ surfaces without a carbonization process and carrier gas at various temperatures ͑700-1000°C͒ under a high vacuum condition (5.0ϫ10
Ϫ6 Torr). Deposition times were up to 6 h, with growth rates depending on experimental conditions. Because the deposition temperature was different and growth rates generally depend on temperature, for comparative study we deposited the SiC films with the same thickness under an optimum deposition time. Several analysis and characterization techniques were employed to study the as-grown SiC thin films. These include x-ray photoemission spectroscopy ͑XPS͒ to confirm chemical composition and x-ray diffraction ͑XRD͒ to determine crystalline structure. Scanning electron microscopy ͑SEM͒ was also used to investigate the morphology of SiC thin film and the quality of the SiC/Si interface as well as to estimate film thickness by cross-sectional images. To investigate the structure of the SiC thin film, transmission electron microscopy ͑TEM͒ and diffraction ͑TED͒ were also performed on thinner layers. Figure 2 shows a series of XRD patterns ͑-2 scan mode͒ obtained from the as-grown SiC thin films deposited at different temperatures between 700 and 1000°C for optimum deposition time under the same working pressure of 5.0ϫ10 Ϫ6 Torr. The XRD patterns exhibit characteristic peaks of 3C-SiC at 2ϭ35.6°, 41.4°, and 60.0°, which are attributed to diffraction of 3C-SiC͑111͒, ͑200͒, and ͑220͒ planes, respectively. Meanwhile, the observation of the Si͑200͒ and Si͑400͒ peaks at 2ϭ33.1°and 69.2°, respectively, was due to the effect of the Si͑100͒ substrate. At 700°C, the XRD pattern shows the amorphous ͑2 h͒ or crystal ͑4 h͒ structure of the SiC thin films. This means that with increasing the deposition time under the same deposition conditions, the diffraction pattern shows a crystal structure with 3C-SiC͑200͒ plane as well as the graphite carbon structure ͑2ϭ45.2°͒, indicating that 3C-SiC thin films can be deposited at much lower temperature with single precursor MOCVD than conventional CVD. With increasing the deposition temperatures from 700 to 900°C, a significant increase of the 3C-SiC͑200͒ diffraction peaks produces, showing a crystallinity improvement at the same thickness. The XRD pattern of 3C-SiC thin film grown at 900°C exhibits intense and sharp peaks at the ͑200͒ reflection. Moreover, in Fig.  2͑c͒ , a very small peak attributed to the 3C-SiC͑111͒ diffraction also appeared indicating that a highly oriented polycrystalline 3C-SiC film in the ͓100͔ direction was obtained at 900°C. Figure 2͑d͒ mainly shows 3C-SiC͑200͒ reflection, but this XRD pattern includes various small peaks, such as 3C-SiC͑111͒, ͑220͒, and graphite reflections of the SiC thin film at 1000°C. The XRD results also show that the deposition time as well as deposition temperature could be one of the important factors for influencing the film crystallinity. Figure 3 shows the cross-sectional TEM image, highresolution TEM image, and plan-view TED pattern ͑see inset͒ obtained from a 3C-SiC thin film grown on Si͑100͒ surface at 900°C and 5.0ϫ10 Ϫ6 Torr. The contrast seen in the crosssectional TEM image is believed to be associated with mass contrast due to surface roughness and/or misoriented or twinned regions surrounding the epitaxial growth. 15 The thickness of the SiC film is about 150 nm. But the interface of SiC/Si layer is very rough. In the TED pattern, besides of the normal diffraction pattern due to the cubic structure, extra pattern can also be seen, indicating the existence of microtwins with twin planeϭ͕111͖ and stacking faults at the angle of 70.5°and 54.7°caused by the lattice mismatching between the 3C-SiC film and the Si͑100͒ substrate. From this result, we can see that 3C-SiC film has polycrystalline structure. We can also verify this result from the XRD pattern of 3C-SiC thin film. Based on XRD, TEM/TED results, therefore, we can conclude that the SiC thin film grown at 900°C has a zincblende structure with aϭ0.436 nm and has a high quality polycrystalline structure with ͑200͒ preferred orientation. Figure 4 shows surface morphology changes of the 3C-SiC films with the same thickness those grown at various temperatures ͑700-1000°C͒ under the same deposition pressure of 5.0ϫ10
III. RESULTS AND DISCUSSION
Ϫ6 Torr for optimum deposition time. We can see that the film grown at 700°C has a smooth surface and nanosized SiC crystals, as shown in Fig. 4͑a͒ . Upon increasing the deposition temperature from 700 to 1000°C, 3C-SiC films with relatively large crystals were deposited. The SEM image of SiC film grown at 800°C, shown in Fig. 4͑b͒ , exhibits a crystal shape of SiC crystals with submicron size. Above 800°C, the crystal size and crystallinity of the 3C-SiC film are apparently limited to the substrate temperature. Especially, from Fig. 4͑c͒ , we can see that the major crystal form of a deposited film grown on the substrate at 900°C is relatively large than that at 800°C, indicating crystallinity improvement. On the other hand, a polycrystalline shape with relatively larger crystal size can also be seen in Fig.  4͑d͒ , when the growth temperature was at 1000°C. This is in good agreement with the XRD result shown in Fig. 2͑d͒ .
The XPS investigation was carried out with Mg K ␣ 1,2 radiation as excitation source. Figure 5͑a͒ shows XPS survey spectra obtained for a 3C-SiC thin film prepared at 900°C under the deposition pressure of 5.0ϫ10 Ϫ6 Torr. We observe peaks of Si, C, and C Auger ͑KLL͒ signals at the binding energy region between 0 and 1100 eV. Oxygen (O 1s) can be attributed to surface contamination by moisture during sample transfer in the air condition. In addition, we could see that the carbon content decreased after the Ar ϩ ion sputtering, as shown in Fig. 5͑c͒ . As the sputtering depth is less than 3 nm, the carbon is the adsorbed species on the SiC surface. The reason for the increase of carbon content on the surface is not due to precursor, but mainly due to the air contamination after deposition. In Fig. 5͑b͒ , the Si 2p high-resolution spectra obtained before/after Ar ϩ ion sputtering are also shown. To compare the change of Si 2p binding energy for the SiC film before and after Ar ϩ ion sputtering, the Si 2p peak at 100.9 eV obtained before Ar ϩ ion sputtering is shifted to lower binging energy at 100.3 eV after Ar ϩ ion sputtering. The reason for this binding energy shift is due to increasing of carbide character after removing of graphite carbon and surface SiO x species by Ar ϩ ion sputtering. However, we also see a weak carbon shoulder peak ͑higher binding energy͒ in Fig. 5͑c͒ , but if we did more Ar ϩ ion sputtering, the graphite carbon can be removed completely. With high-resolution XP spectra of Si 2p and C 1s and considering their atomic sensitivity, one can get the atomic ratio of C/Si in bulk SiC film to be about 1 if we include whole carbons both carbidic and graphitic, the C/Si ratio will be changed to be 1.2.
IV. CONCLUSIONS
Thin films of cubic SiC have been prepared on Si͑100͒ by high vacuum MOCVD using diethylmethylsilane ͓DEMS, (C 2 H 5 ) 2 (CH 3 )SiH)] at various temperatures. With a deposition temperature of 900°C, relatively well oriented 3C-SiC layers were obtained. As deposition temperatures were increased from 700 to 900°C, both crystallinity and grain size improved. However, above 900°C crystallinity decreased with increasing temperature and growth time due to a crystal shape change. This result shows that the deposition temperature and time could be important factors for influencing film crystallinity. Conclusively, high quality, stoichiometric, crack-free 3C-SiC film with polycrystalline structure was obtained at 900°C and 5ϫ10 Ϫ6 Torr. 
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